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The detailed study of B meson decays is a key source of information for understanding CP violation and the physics of flavour. The interest in this field is reinforced by the numerous upcoming experiments that will test crucial aspects of B decay properties with unprecedented scope and precision. Among the large number of B decay channels, two-body non-leptonic modes, such as B → ππ, B → πK etc., open a particularly rich field of phenomenological investigation. A theoretical treatment, however, is generally complicated owing to the non-trivial QCD dynamics related to the all-hadronic final state.
In this Letter we describe important simplifications that occur in the limit m b Λ QCD , when the b quark mass is large compared to the strong interaction scale Λ QCD . We find that in this limit the hadronic matrix elements for, say,B → ππ can be represented in the form
where Q is a local operator in the weak effective Hamiltonian and j 1,2 are bilinear quark currents. Neglecting power corrections in Λ QCD and radiative corrections in α s , the original matrix element factorizes into a form factor times a decay constant (we call this conventional factorization). At higher order in α s this simple factorization is broken, but the corrections can be calculated systematically in terms of short-distance coefficients and meson light-cone distribution amplitudes. This is similar in spirit to the well-known framework of perturbative factorization for exclusive processes in QCD at large momentum transfer [1] , as applied, for example, to the electromagnetic form factor of the pion. An interesting consequence of (1) is that strong interaction phases are formally of order α s or Λ QCD /m b in the heavy quark limit. If this limit works well, the approach discussed here allows us to calculate these phases systematically; CP violating weak phases can then be disentangled. Here we present a numerical analysis of B → ππ decay amplitudes based on the heavy quark limit. We also briefly discuss important power corrections, which should eventually be estimated in order to obtain a satisfactory phenomenology at realistic b quark masses. Details of the argument that leads to the factorization formula (3) below will be explained in a forthcoming paper. The effective weak Hamiltonian describingB decays is given by [2] 
where
The Q i are local ∆B = 1, ∆S = 0 operators, and C i the corresponding short-distance Wilson coefficients. We neglect electroweak penguin operators and all terms not relevant toB → ππ decays.
The essential theoretical problem for obtaining thē B → ππ amplitudes is the evaluation of the hadronic matrix elements ππ|Q i |B . Let π 1 denote the pion that picks up the light spectator quark in theB meson, and π 2 the pion whose valence partons are supplied by the weak decay of the b quark. In the heavy quark limit both pions emerge with large energy m B /2 (in theB rest frame). Power counting based on the asymptotic form of the leading-twist pion distribution amplitude shows that a leading-power contribution to the ππ|Q i |B matrix element requires both valence quarks of π 2 to carry energy of order m b . Thepair is ejected from the weak interaction region as a small-size colour singlet object. As a consequence soft gluons with momentum of order Λ QCD decouple at leading order in Λ QCD /m b , and π 2 can be represented by its leading-twist light-cone distribution amplitude. On the other hand, the spectator quark in theB meson carries momentum of order Λ QCD and is transferred as a soft quark to π 1 , unless it undergoes a hard interaction. The endpoint suppression of the pion wave function is not sufficient to ensure the dominance of hard interactions. [We adopt the point of view that for realistic b quark masses perturbative Sudakov suppres-sion does not cut off soft contributions efficiently enough before one enters the non-perturbative regime.] Therefore π 1 cannot always be represented by its light-cone distribution amplitude. At leading power in Λ QCD /m b , we find that the soft interactions can be absorbed into the B → π 1 form factor. On the other hand, any interaction of the spectator quark with the quarks of π 2 is hard at leading power and can be written as a convolution of three light-cone distribution amplitudes. This discussion can be summarized by the factorization formula
which is valid up to corrections of relative order (last row of Fig. 1 ). Annihilation topologies also exist, but are power-suppressed in Λ QCD /m b . The significance of the factorization formula is that all the non-perturbative effects in the B → ππ amplitudes can be absorbed into the form factor and the light-cone wave functions.
FIG. 1. Order αs corrections to the hard scattering kernels T I i (first two rows) and T

II i
(last row). In the case of T I i , the spectator quark does not participate in the hard interaction and is not drawn. The two lines directed upwards represent the two quarks that make up π2.
The following comments are in order: (i) When α s corrections are neglected T
II i is zero and T
I
i is an x-independent constant. Conventional factorization in terms of the form factor and the pion decay constant is then recovered as a rigorous prediction in the infinite quark mass limit. The perturbative corrections are process-dependent, but calculable. Their inclusion cancels the scale-dependence of the leading-order factorization result.
(ii) The infrared finiteness of the hard scattering amplitude follows because the infrared divergences in the first four diagrams of Fig. 1 cancel in their sum. This cancellation is the technical manifestation of Bjorken's colour transparency argument [3] . Colour transparency does not apply to hard gluon interactions. These, however, are suppressed by α s and are calculable.
(iii) The hard scattering contribution to the B → π form factor is suppressed by one power of α s relative to the soft contribution, in which the B meson spectator undergoes no hard interaction. As a consequence the assumption that B → ππ can be treated entirely in the hard scattering picture of [1] would miss the leading contribution in the heavy quark limit.
(iv) The decay amplitude acquires an imaginary part through the hard scattering kernels. In the heavy quark limit, the strong interaction phases can therefore be computed as expansions in α s . In terms of hadronic intermediate states that saturate the unitarity relation this implies systematic cancellations among many intermediate states with potentially large individual rescattering phases. An estimate of rescattering effects on the basis of Regge theory is not compatible with the picture that emerges in the heavy quark limit.
(v) The factorization formula (3) generalizes to the decays into a heavy-light final state, if the heavy particle absorbs the B meson spectator quark. In this case the second line in (3) is power-suppressed and only the form factor term survives. An expression of this form has been used by Politzer and Wise to compute the 1-loop corrections to the decay rate ratio Γ(B → D * π)/Γ(B → Dπ) [4] . The factorization formula does not hold for heavylight final states, in which the light meson absorbs the B meson spectator quark, or for a heavy-heavy final state. In this case, conventional factorization can also not be justified.
The result of an explicit calculation of theB → ππ decay amplitudes at order α s can be compactly expressed
The symbol ⊗ is defined through
Note that the term proportional to a p 6 (ππ) results in a power correction that should be dropped in the heavy quark limit. We will comment further on this term below.
Together with a 
Here C F = (N 2 − 1)/(2N ) and N = 3 (f = 5) is the number of colours (flavours). [Note that our definition of C 1 and C 2 differs from the convention of [2] , where the labels 1 and 2 are interchanged.] The internal quark mass in penguin diagrams enters as s p , where s u = 0 and
with the hard-scattering functions
The hard spectator scattering contribution is given by 
